Introduction
Human cytomegalovirus (HCMV) is a ubiquitous β-herpesvirus that infects a broad range of cell types in its human host, contributing to its complex and varied pathogenesis. HCMV infection in healthy individuals is typically asymptomatic. Following this primary infection, HCMV will establish a life-long relationship with its host by way of a latent infection. 1 Reactivation from latency to a productive infection can result in lifethreatening disease in individuals who are immunosuppressed, including stem cell and solid organ transplant recipients, and HIV-infected individuals. The precise mechanisms governing HCMV latency are unknown, but it is likely that both cellular and viral factors contribute to the establishment and maintenance of latency. Elucidating the factors controlling latency is critical to ultimately controlling HCMV disease.
Latent HCMV resides in cells of the myeloid lineage. Monocytes are the predominant mononuclear cell latently infected with HCMV 2 and virus has been recovered from peripheral blood monocytes after stimulation in culture. 3 It has been reported that direct infection of monocytes 4 or polymorphonuclear leukocytes [5] [6] [7] [8] 
results in
an abortive infection suggesting that latently infected monocytes may acquire HCMV at an earlier stage of differentiation. More recent work suggests that monocytes infected in vitro harbor viral genomes in a quiescent state and acquire permissivity following differentiation. 9 Monocytes are an important reservoir for latent HCMV, however, the primary reservoir for latent HCMV is a more primitive cell. [10] [11] [12] [13] [14] [15] Kondo et al. detected latent genomes in granulocyte-macrophage progenitor (GM-Ps) cells following infection in vitro and in mononuclear cells from HCMV-seropositive individuals. 10, 16 Latent genomes have also been detected in myeloid dendritic cell precursors derived from HCMV-seropositive, healthy individuals and could be stimulated to reactivate ex vivo. 17 Further, an infection consistent with latency is established in CD34+/CD38-cells in vitro only.
For personal use at PENN STATE UNIVERSITY on . bloodjournal.hematologylibrary.org From but not in more mature subpopulations of CD34+ cells. 18 In CD34+/CD38-cells, HCMV transiently expresses a unique subset of the viral genes in the absence of substantial virus replication and virus can be reactivated from these cells. Taken together, these findings suggest that the establishment of a latent infection is dependent on the cellular environment unique to specific subsets of hematopoietic cells.
Viral transcripts or proteins have long been suspected to play a role in HCMV latency. The identity of HCMV latency determinants, however, has remained elusive.
Two latency-associated transcripts that originate from the major immediate-early promoter region of the genome have been identified in GM-Ps. 16, 19 While these transcripts and the proteins they encode have been detected in healthy, seropositive individuals, 16,20 they were dispensable for establishing viral latency in vitro. 21 In addition, a latency-associated transcript that is antisense to UL81-82 of HCMV was detected in monocytes from healthy seropositive individuals. 22 This finding is intriguing since the transcript is antisense to the mRNA encoding the essential UL82 protein and could inhibit its expression and, consequently, immediate-early gene expression. [23] [24] [25] [26] [27] Similarly, a variant of the viral IL-10 homologue encoded by the UL111.5A region of the HCMV genome was detected in latently infected GM-Ps and in monocytes from healthy seropositive individuals. 28 As yet, there is no direct role for the UL81-82 and UL111.5A
gene products in latency.
Historically, HCMV research has relied heavily on attenuated, laboratory-adapted strains (herein referred to as laboratory strains) that have been extensively passaged in fibroblasts. HCMV strains adapted for growth in cultured fibroblasts have acquired genome rearrangements that distinguish them from clinical and low-passage strains.
Namely, low-passage strains of CMV contain a 13-15 kb DNA segment that has been only. Laboratory strains lacking ULb' sequences replicate more efficiently and to higher titers than low-passage strains. As we develop more sophisticated means to study HCMV infection, these sequences and their possible contribution to latency and pathogenesis are of growing interest.
Using the hematopoietic progenitor cell model for latency, we compared the ability of low-passage strains (FIX and Toledo) and laboratory strains (Towne and AD169) to establish a latent infection in CD34+ cells. Low-passage but not laboratory strains established an infection consistent with latency. Based on this observation, we hypothesized that the ULb' region of the HCMV genome unique to clinical isolates may encode factors that promote the latent infection. We identified a 5 kb region, and specifically the UL138 ORF, required for HCMV to establish and maintain a latent infection. Viruses lacking these sequences failed to establish/maintain a latent infection and replicated like laboratory strains. Importantly, UL138-specific RNA was detected in monocytes and CD34+ cells from healthy, seropositive individuals. This is the first functional demonstration of a virally encoded factor required for HCMV latency.
Materials and Methods

Cells and viruses. Primary human lung fibroblasts (MRC5) were maintained in
Dulbecco-modified Eagle's minimum essential medium (DMEM) supplemented with 8% FBS, 1 mM sodium pyruvate, 10 mM HEPES, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. The M2-10B4 murine stromal cell line expressing human interleukin-3 (IL-3) and granulocyte-colony only. For multi-step growth curves, MRC5 cell monolayers were infected at a multiplicity of 0.05 PFU/cell. At various times after infection, cells were collected in their medium and sonicated. Virus yields were determined by TCID 50 . 39491 tca agg gcg tgg aga tgc cag aaa tga cgt ggg act tgg acg ttg gaa ata cca cgt cgt gga atg cc UL136rev 40064 tta ccc cgc cag cag cac ctc cgc cgg caa ccg cgt cgt cgt tgc tat cgt ccc atg tgc agg tgc tg UL137fwd 40210 ggt tga ggg ggc cgt tcc cgc gcg agt gct gta caa aag aga gag act gga cca cgt cgt gga atg cc UL137rev 40285 acg gtc ctc tgt ccg gat cta cgt ccc agt ctc tct ctt ttg tac agc act ccc atg tgc agg tgc tg UL138fwd 40360 ctg cta tct agc tta cca ttg gca cga cac ctt caa act ggt gcg cat gta cca cgt cgt gga atg cc UL138rev 40798 tca cgt gta ttc ttg atg ata atg tac cat ggc tac ggt ggt gaa ctg cgt ccc atg tgc agg tgc tg UL139fwd 41361 atg ctg tgg ata tta att tta ttt gca ctc gcc gca tcg gcg agt gaa aca cca cgt cgt gga atg cc UL139rev 41768 tca ccg agg cgg agg tgg aaa tga gcc gtc ctg tgg ggg agt gta cga cct ccc atg tgc agg tgc tg UL140fwd 41950 atg acc cca gct cag act aac gcc act acc acc gtg cac ccg cac gac aca cca cgt cgt gga atg cc UL140rev 42525 tca cag ggt ctg atg aag ctg cca aga gtc gtg gct gtg gcg cag cgc gtt ccc atg tgc agg tgc tg UL141fwd 42564 atg aga cag gtc gcg tac cgc cgg cga cgc gag agt tcc tgc gcg gtg cta cca cgt cgt gga atg cc UL141rev 43840 tca cct ctt cat ctt ttt aac acc ggg gta act atc gta agt cgg tag gct ccc atg tgc agg tgc tg UL142fwd 43913 atg cgg att gaa tgg gcg tgt tgg tta ttc gga tac ttt gtg tca tcc gta cca cgt cgt gga atg cc UL142rev 44830 tta ctg acc gcg cca tac ttc gta tac gaa cct aac cgg cgt aaa gtg ttt ccc atg tgc agg tgc tg Note: Shaded sequences represent the portion of the primer specific to the pKan/LacZ or pKanfrtFLAG plasmid. Unshaded sequences represent the CMV gene-specific portion of the primer. only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From Limiting Dilution Reactivation Assay. The frequency of reactivation in infected CD34+ cell populations was determined by adapting a limiting dilution assay as described previously. 18 Briefly, 40,000 infected hematopoietic cells/ml were serially diluted two-fold in reactivation medium (RPMI supplemented with 20% FBS, 50 mM 2-mercaptoethanol, 100 U/ml of penicillin, and 100 mg/ml streptomycin and 20 ng/ml each of stem cell factor, FLT-3 ligand, IL-3, IL-6, G-CSF, GM-CSF (cytokines from R&D Systems, Minneapolis, MN) after 11-14 days in long-term bone marrow culture. An aliquot (0.1 ml) of each dilution was added to 12 wells of 96-well tissue culture plates containing human fibroblasts. Fibroblasts were monitored for GFP expression for a period of 24 days. To differentiate virus made as a result of reactivation from virus preexisting in the cell cultures, an equal number of cells was serially diluted and plated on fibroblasts after being mechanically disrupted. 18 The frequencies of infectious center formation were based on the faction of wells of each dilution that scored positively for GFP expression and statistically determined using a modified TCID 50 assay based on a logistic model as described previously.
18
HCMV Arrays. RNA was isolated using Absolutely RNA (Stratagene, La Jolla, CA) and subjected to two rounds of linear amplification using MessageAmp (Ambion, Austin, TX). The resulting cDNA was labeled with Cy3-dUTP using the CyScribe FirstStrand cDNA Labeling kit (Amersham Biosciences, Piscataway, NJ), hybridized to HCMV arrays and analyzed as described previously. 11 HCMV cDNAs, cellular cDNAs for normalization, and positive and negative controls were prepared and printed onto glass slides as described previously 11 using an Omnigrid Arrayer (GeneMachine, San Carlos, CA). Hybridization to arrays was analyzed using a GenePix 4000B scanner and only.
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Detection of CMV transcripts in endogenous infection.
Total RNA from 10 6 cells was extracted using RNA-Bee (Biogenesis, Poole, UK) as described by the manufacturer and the final pellet was re-suspended in 50 µl of nuclease-free water.
Reverse transcription (RT) of mRNA was achieved using an AMV reverse transcriptase kit (Promega, Madison, WI).
Following RT, cDNAs were amplified using UL123 (IE1), UL138 or GAPDHspecific primers ( Table 2 ). All PCR reactions were performed using a PCR-ready mix RNA was amplified by PCR to confirm that there was no DNA contamination. PCR products were separated on 2% agarose gel by electrophoresis. The UL138 and IE1 PCR products were transferred to nitrocellulose and hybridized with a radiolabeled product-specific probe generated using internal primers ( revealed well-defined differences between the low-passage and laboratory strains. [29] [30] [31] Since laboratory strains have been selected for efficient lytic replication, it is possible that some of these differences may play an important role in establishing a balance between lytic replication and latency. In our studies we have used two low-passage strains, FIX and Toledo, and two laboratory strains, Towne and AD169. FIX and Toledo both retain the ULb´ region, although, the region is inverted in Toledo relative to other low-passage strains. 29 The laboratory strains used in our studies, Towne short and AD169, The low-passage strains, FIX and Toledo, produced fewer infectious centers compared to the laboratory strains, Towne and AD169 (Fig. 1A) . For
. These results suggest that increased adaptation to growth in cultured fibroblasts correlates with more efficient replication in hematopoietic progenitor cells. Importantly, the low-passage strains generated 6-7 fold more infectious centers in the reactivation samples than in the lysate control, whereas the laboratory strains generated similar amounts of infectious centers with or without a reactivation stimulus. Prior to reactivation 18 The RNAs detected were encoded by both early and late kinetic classes of genes and many have no known function or may not encode a protein. 35 Viral gene expression was silenced by 8-10 days postinfection, a time when viral genomes were most abundant. 18 We compared viral gene expression in CD34+
cells infected with the low-passage strain, Toledo, or the laboratory strain, AD169, using an HCMV gene array (Fig. 1B) . Consistent with previous results, no viral gene expression was detected in CD34+ cells infected with Toledo at 20 dpi. By contrast, AD169 expressed its genes as would be expected for a lytic infection. These results are only.
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HCMV genome sequences promote viral latency. Given the differences in the ability of low-passage and laboratory strains to establish a latent infection in our experimental system, we asked if sequences within the ULb´ region unique to the lowpassage strains contributed to viral latency. Using linear recombination into the FIX BAC, we substituted a marker cassette encoding kanamycin resistance for three contiguous 5 kb regions (FIX(ur)sub1-3) within the ULb´ region or for the entire region encoding UL133 through UL151 (FIX(ur)sub4) ( Fig. 2A) . A prerequisite for studying sequences for a role in latency is that they are dispensable for viral replication in culture. Otherwise, we could not distinguish mutant viruses with a defect in reactivation from those with a defect in replication. We analyzed the growth kinetics of each mutant compared to the parental FIX strain (FIXwt) by performing multi-step growth curves. FIX(ur)sub2, lacking UL136 through UL142, and FIX(ur)sub3, lacking UL144 through UL148, replicated with kinetics equivalent to FIXwt (Fig. 3A) . These results are consistent with previously published results for a mutant virus lacking UL138 through UL148 constructed in Toledo. 36 Similar to results published by Hahn et al. 37 where the entire ULb´ region was deleted in FIX, FIX(ur)sub4 exhibited a major growth defect and was not further studied (data not shown). Interestingly, FIX(ur)sub1 exhibited a growth defect similar to FIX(ur)sub4 and also was not further studied (data not shown). For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From reactivation were analyzed for each infection by limiting dilution assay. 18 As expected, FIXwt established an infection consistent with latency (7-fold more infectious centers produced in the reactivation as in the lysate) whereas the AD169 strain did not establish a latent infection and instead replicated productively (Fig. 4A) 
The UL138 ORF is required for a latent infection of cultured CD34+ cells.
We then asked if specific ORFs were required to establish or maintain a latent infection in vitro by substituting the gene encoding kanamycin resistance for individual open reading frames within the UL136 to UL142 region missing in the FIX(ur)sub2 mutant virus (Fig. 2) . With the exception of FIXsubUL136, which exhibited a modest growth defect, the substitution viruses grew with wild-type kinetics in human fibroblasts (Fig.   3B ). Each mutant virus infected fibroblast or hematopoietic cells with equivalent efficiencies as detected by GFP (data not shown). In order to screen a large number of recombinant viruses for a latency phenotype, the reactivation was modified to employ a single dilution for analysis of each recombinant virus. We seeded 10,000 infected only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From CD34+/CD38-cells or an equivalent cell lysate into each of 24 wells of a 96 well dish containing permissive fibroblasts (Fig. 4B) . At 24 dpi, the fraction of with GFP+ fibroblasts was scored. FIXwt and FIX(ur)sub3 again exhibited a wild-type latency phenotype where a greater fraction of wells had infectious centers in the reactivation compared to the lysate control. All but one of the single ORF substitutions also exhibited a wild-type latency phenotype. Only a substitution in the UL138 ORF (FIXsubUL138) resulted in a virus that replicated equivalently in the reactivation and the lysate control. 
UL138 RNAs are detected in latently infected, healthy individuals. If UL138
is required for HCMV latency, then it is possible that UL138 is expressed endogenously in healthy, seropositive individuals infected with HCMV. We analyzed RNA from peripheral blood CD14+ monocytes of 5 seropositive donors or 8 seronegative donors for the presence of the UL138 transcript by PCR in the presence or absence of a reverse transcriptase (RT) step followed by hybridization with an internal radioactive probe (Fig.   5A) . As a control, we also screened for the presence of IE1 RNA, which would be indicative of a lytic infection. UL138 transcript was detected strongly in 2 positive donors (lanes 4 and 6) and weakly in 3 positive donors (lanes 7, 9, 11), but not in the seronegative donors. UL138 was not detected in the absence of reverse transcriptase.
only.
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We then analyzed RNA isolated from CD34+ cells of 5 healthy seropositive and 3 seronegative donors for the presence of the UL138 transcript by RT-PCR (Fig. 5B) .
Interestingly, UL138 RNA was detected in one of the seropositive donors but not in any of the seronegative donors. No IE1 expression was detected in donor samples. UL138 expression was further analyzed in CD34+ cells and dendritic cells derived from CD34+ cells from 2 additional seropositive donors (Fig. 5C ). UL138 RNA was evident in CD34+ cells from both seropositive donors. However, when CD34+ cells from these donors were differentiated into dendritic cells, a cell type permissive for HCMV replication 17 , UL138 expression dropped to a level that was no longer detected, and IE1 RNA could be detected. No transcripts were detected in the absence of the reverse transcriptase step. These results indicate that UL138 RNA is frequently expressed in healthy seropositive individuals latently infected with HCMV, and that its expression may be downregulated following differentiation into a cell type permissive for HCMV replication.
Discussion
Latency is a key feature of HCMV pathogenesis. Defining the viral and cellular determinants of viral latency will be critical to controlling HCMV disease. Here, we have identified the first viral sequence with a latency-promoting function. Three lines of evidence support this conclusion. First, low-passage strains establish and maintain an infection with the hallmarks of latency in CD34+ cells whereas laboratory strains cannot (Fig. 1) . Second, the deletion of the UL138 ORF from low-passage strains blocked its only.
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From viral array and PCR experiments, UL138 is expressed in productively infected fibroblasts (data not shown) and CD34+ or CD34+/CD38-cells infected in vitro 11, 18 , and in healthy seropositive individuals (Fig. 5) . The mechanisms by which UL138 promotes the establishment and/or maintenance of a latent infection are unknown. The UL138 transcript could be a functional RNA similar to the polyadenylated latency-associated transcript of herpes simplex virus or may encode a protein. 38 UL138
is likely to encode a protein since it has a 5' ATG with a Kozak motif, it is predicted to encode a protein by the biodictionary-based gene-finder algorithm, and it is conserved in ChCMV. 35 The U94/REP protein of human herpesvirus-6 (HHV-6), another member of the β-herpesvirus family distantly related to HCMV, restricts HHV-6 replication 39 and that of HCMV. 40 U94/REP is expressed in healthy individuals infected with HHV-6. 39 It is intriguing to speculate that UL138 may encode a similar function that down-regulates HCMV gene expression and replication, perhaps by antagonizing one or more IE products to promote viral latency. Viruses lacking UL138 did not show a dramatic growth advantage in cultured fibroblasts relative to FIXwt (Fig. 3B ) and the same was true for viruses lacking 5 kb segments of the ULb´ region (Fig. 3A) . However, such an activity may be dependent on the cell type and fail to score in fibroblasts.
While our studies have identified UL138 as a gene having a prominent role in establishing and/or maintaining latency, other genes within the ULb' region might be involved as well. Evidence for this includes the failure of mutant viruses lacking only UL138 to produce infectious centers as efficiently as the FIX(ur)sub2 virus which lacks a only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From block of genes including UL138 (Fig. 4B ). These differences in could be interpreted to indicate that sequences deleted in the FIX(ur)sub2 virus, other than UL138, facilitate latency in hematopoietic cells. While FIX(ur)sub3 phenotype resembles that of the FIXwt strain, the difference between infectious centers resulting from reactivation and those in the lysate is reduced to 3-fold (P value derived from Student's t test is 0.04). One possible explanation for the increased leakiness in infectious center formation prior to reactivation (lysate) in cells infected with FIX(ur)sub3 is that sequences within UL144-UL148 contribute to the efficient maintenance of the latent infection. While all single ORF substitution viruses other than UL138 exhibited a wild-type latency phenotype, several substitutions resulted in viruses that reactivated to produce infectious centers in a greater fraction of wells compared to FIXwt (Fig. 4b) . This included substitutions in UL140, UL141, and UL142. Further analyses in a limiting dilution format might identify sequences in this region that may subtly modulate latency.
Interestingly, none of the recombinant viruses analyzed exhibited a defect in reactivation. This suggests that lytic replication may be the default cycle of HCMV when it encounters a cell with a permissive environment. Latency, by contrast, is a survival mechanism that only becomes a possibility in the appropriate cellular background. In our work we have observed a distinctive gradation regarding HCMV strains and their ability to establish latency (Fig. 1A) . FIXwt is the strain most similar to the original clinical isolate and establishes the most quiescent infection (i.e., we detect the least virus in lysates of infected CD34+ cells). Toledo, like FIX, retains most of the ULb´ region but has been more extensively passaged in fibroblasts. Toledo produced a greater number of infectious centers after reactivation and exhibits greater leakiness during the latency period prior to reactivation as compared to FIXwt (Fig. 1A) . Towne short has lost most of the ULb' region like AD169, but retains UL146, UL147, and UL148. Towne short fails to only.
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Our finding that the laboratory strains replicate productively in hematopoietic progenitor cells is surprising given reports that the laboratory strains AD169 28 and Towne 10,28,41 establish a latent infection in GM-Ps. While the discrepancy between our results and those of others is difficult to reconcile, one possible explanation is that the variable outcomes after infection with laboratory strains is due to differences in the model systems. In comparison to CD34+ or CD34+/CD38-cell populations used in our studies, GM-Ps (CD33+, CD14+ or CD15+, CD1a+ and CD10+) used in other studies are derived from fetal liver and expanded prior to infection. 10 GM-Ps are a more highly differentiated population of cells. 10 It is possible that establishing latency in the GM-P system does not require ULb' sequences. Consistent with our results, previous studies have also reported viral replication in hematopoietic progenitor cells infected with Towne. 42 It should be noted that it the original Towne strain was a mixture of two genomic variants, Towne Long and Towne Short (or TownevarRIT3). 43 Towne Long resembles low-passage strains in that it contains the ULb' region including UL138, whereas
Towne Short resembles AD169. The Towne Short variant was used in our studies. Towne strains containing ULb' sequences would be expected to establish a latent infection.
Therefore, differences in the strains used by different laboratories may also contribute to differences in latency phenotypes.
It has been reported that HCMV strains with a mutation in the UL131-128 locus and fail to infect endothelial and epithelial cells, and also fail to efficiently transfer virus to only. For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From
